Near-UV and blue fluorescence from the 4 D3/ 2 and 4 D5/ 2 manifolds in Nd:YLF has been observed at room temperature under cw pumping by a Rhodamine 590 dye laser. Excitation to these manifolds is attributed to two-step excitation involving excited-state absorption from the 4F3/ 2 metastable level. A similar phenomenon has also been observed in Nd:YAG and Nd:glass. The effective excited-state absorption cross section is measured to be (2 1) X 10-20 cm 2 at 587.4 nm in the ir polarization, and the peak effective stimulated emission cross section is measured to be 5 X 10-20 cm 2 at 411.7 nm, also in the r polarization. Estimated laser threshold at 411.7 nm for two-step pumping at 587.4 nm is 70 mW.
INTRODUCTION
There are a number of processes besides fluorescence and one-photon absorption that can occur in rare-earth-ion-and transition-metal-ion-doped solids. Two-step excitation and energy transfer are examples of processes that can be important in laser operation. For example, concentration quenching in Nd3+-doped laser materials is an energy transfer phenomenon that reduces the lifetime of the 4F 3 / 2 upper laser level. Energy transfer upconversion (ETU) and twostep excitation have also been used to create visible sources, both incoherent and coherent, from infrared pump photons. 1 , 2 In two-step excitation, a single photon is absorbed followed by relaxation to an excited metastable energy level. This is followed by absorption of a second photon from the excited state, excited-state absorption (ESA), to an even higher lying level. This is followed by relaxation, either radiative or nonradiative. In ETU, two nearby ions in excited states interact simultaneously, causing one of the pair to be excited to an even higher-lying level and causing the other to relax. Both of these processes are interesting techniques for obtaining higher-energy photons from lower-energy pump photons because of their large effective nonlinearities.'
We have recently noted two-step excitation as well as ETU in Nd:LiYF 4 (YLF).3 This paper will discuss two-step excitation that induces near-UV and blue emission under cw resonant pumping. These processes were discovered while Nd:YLF cw resonantly-pumped miniature lasers were being investigated. 4 Two-step excitation and ETU have been predominantly studied in rare-earth ions such as Er3+, which have long (>1-msec) metastable level lifetimes, but similar processes have also been noted in Nd3+-doped materials.
For example, blue and near-UV emission has been observed by two-step excitation in Nd3+-doped compounds such as Nd:YAG (Ref. 5) and Nd:LaF 3 (Ref. 6 ) under pulsed excitation. However, in pulsed excitation the dynamics of the processes can be quite different from the cw regime because peak pump powers can be higher and pulse times can be much shorter than characteristic times such as metastable level lifetimes. In the case of Nd:YAG, the pump wavelength is different from that in this paper, and consequently the energy levels in two-step excitation are also different.
In the case of LaF 3 , ETU is the dominant process, but twostep excitation is noted at temperatures approaching that of liquid helium. Upconverted blue fluorescence has also been noted in some fluoride crystals. 7 In Nd:YLF, two-step excitation and subsequent blue fluorescence have been used as a technique to investigate Nd 3 + ion pairs in YLF at low temperatures (<40 K), 8 and the blue fluorescence has been observed under ruby-laser pulsed pumping by a two-photon process. 9 In this paper, blue and UV fluorescence is investigated, and the excitation mechanism is determined.
EXPERIMENTAL APPARATUS
Nd:YLF is a uniaxial solid-state laser material. Its onephoton absorption spectra, infrared fluorescence spectra, and concentration quenching were previously characterized.'( From previously published data, the dopant concentration was 2 at. % Nd given the measured fluorescence lifetime of 440 Asec for 4 F3/ 2 manifold in our sample.' 0 However, more recent measurements of concentration indicate that the r-polarized absorption line at 872.1 nm has an absorption coefficient of 1.2 cm-' for 1 at. % Nd doping."
By this standard, the concentration of our sample is 1.7 at. % Nd.
The experimental apparatus used to record the emission and excitation spectra consisted of an argon-ion-laserpumped cw Rhodamine 590 dye laser for excitation, a lens to focus the pump beam into the sample, a 31034 photomultiplier tube for detection, a Chromatix CT-103 1-m monochromator with a 1800-line/mm grating for wavelength selectivity, and a lock-in amplifier for signal extraction. The dyelaser beam was typically chopped at -30 Hz with '30% duty cycle. A calcite polarizer was used to select the polarization for the various measurements. The subsequent signal from the lock-in amplifier was digitized and stored in a computer. The spectral response of the detection system was normalized by using a quartz-halogen lamp.1 2 A Perkin-Elmer 330 spectrophotometer was used for measuring absorption spectra. All measurements were performed at room temperature.
BLUE AND NEAR-UV FLUORESCENCE
The normalized fluorescence spectra for both r(E || c) and a(E c) polarizations are shown in Fig. 1 
where Aik is the transition rate from the upper manifold i to a lower manifold k, and the sum on k is over all lower manifolds. Note that the sum in the denominator is equal to 1-r, where Tr is the radiative lifetime. The second part of Eq. (1) gives fij in terms of the polarized emission spectra, where IikP(X) is the polarized emission intensity per unit wavelength interval as a function of wavelength X from manifold i to manifold k, and the sum over p is over polarization. The Table 1 , where emission to states other than the 4 
Ij
manifolds has been ignored since no emission was observed experimentally. Electric dipole transitions were assumed so the axial spectrum is identical to that for the r polarization. In this case the sum over polarization becomes 2I(X) + IP(X). One difficulty with this measurement is that the emission to the ground-state manifold, 4I9/2, can be reabsorbed, causing the measured branching ratio to that manifold to be too small. To minimize this problem, the sample was pumped near its surface. The radiative transition rates Aij, and therefore the branching ratios, can be calculated from the Judd-Ofelt theory.'
4 "l 5 The radiative transition rate for electric dipole transitions from a state fN(aSL)J) to state fN(IS'LS)J/), which denote manifolds 2 S+lLj and 2 S+lLj,', is given by
X=2, 4, 6 where
where v is the transition energy in inverse centimeters, n is the refractive index, Q,\'s are the experimentally determined intensity parameters for the given ion in the given host, and 
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Tf, Tr, and Tnr are the fluorescence, radiative, and nonradiative lifetimes, respectively. From the measured fluorescence lifetime, the multiphonon relaxation rate, and radiative transition rate calculated from the Judd-Ofelt theory, can be estimated. The multiphoton relaxation rate is given by 
SEQUENTIAL TWO-PHOTON EXCITATION
The blue fluorescence was first observed when a cw Rhodamine 590 dye laser operating near 590 nm was used to pump a Nd:YLF laser operating at 1.047 Am. This fluorescence decreased substantially when the Nd:YLF laser was aligned, demonstrating that the process is dependent on the population of the 4F 3 / 2 manifold. This indicates that real onephoton transitions must be occurring, as opposed to virtual transitions as in two-photon absorption where intermediate states are not populated. Figure 2 shows the square root of the blue fluorescence intensity versus the pump intensity. The linear relation shows that this process involves two photons. The 4D 3 / 2 + 4D 5 / 2 to 4I13/2 emission at 412 nm is monitored as the pump intensity at 587.4 nm is varied. At low pump intensities (of the order of 10 W/cm2, corresponding to -0.7 on Fig. 2) , a square-law dependence of the blue fluorescence is observed; at higher pump intensities, saturation effects can begin to be observed.
As previously mentioned, blue fluorescence has been observed in Nd:LaF 3 under pulsed pumping in the same wavelength region. This was attributed to both two-step excitation and ETU, with ETU being the dominant process. population should be low owing to fast multiphonon relaxation from this manifold as opposed to the pulsed pumped regime where these manifolds can have significant population. Two-step excitation and ETU have different excitation wavelength and time dependences. We have used excitation spectra to demonstrate that two-step excitation is the predominant effect. The Rhodamine 590 dye-laser wavelength was tuned and the induced fluorescence monitored. The transition rate for ETU assuming dipole-dipole interaction is given by -a 0. 
as well as the one-photon absorption spectra. To avoid difficulties with normalization, the pump power was kept 4 .7 constant for each data point. Clearly, the excitation spectra E do not follow the square of the one-photon absorption spectra and, in fact, some of the peaks in the one-photon absorpz tion spectra do not appear in the excitation spectra. This 3 ,
indicates that two-step excitation is the predominant effect. UL Based on the wavelengths of peak excitation and energy- 
I-
The ESA cross sections were also measured at the wave-| length of peak excitation in each polarization. The Rhoda-2 mine 590 dye laser was tuned to the peak of the excitation, and the beam was focused into the sample with known power WETU NN2' (5) where N 1 and N 2 are the population densities of the initial excited energy levels involved in the process. This implies that WETU is proportional to the square of the one-photon absorption coefficient as a function of wavelength. This is because the initial populations are excited by one-photon absorptions from a single monochromatic source and therefore both N 1 and N 2 are proportional to the one-photon absorption coefficient. On the other hand, in two-step excitation, two transitions, the one-photon absorption and ESA transition, must occur at the same wavelength for excitation to occur. Consequently, peaks in the one-photon absorption spectrum may not appear in the excitation spectrum if there is no or little ESA at the same wavelength. The excitation spectra were obtained by using the same experimental apparatus as that used for the fluorescence spectra, except that the Rhodamine 590 dye-laser wavelength was tuned . (8) hvp
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Under these assumptions and with the pump being a Gaussian beam with negligible diffraction in the sample, the pump beam intensity is given by
7rwp2 \ WP2J
where P is the incident pump power and wp is the beam radius. Substituting Eq. (9) into Eq. (7), solving for N(r, z), and integrating Wesa(r, z) over the volume, the total pump rate, Wtot, is given by
where is the sample length. This is the expression needed to relate the total ESA pump rate to (-esa. By using Eq. (10), the pump rate calibration from the He-Cd-laser pump, and the signal for a given dye-laser incident pump power, the ESA cross sections were calculated to be esa = (2 1) X 10-20 cm 2 in the r polarization at 587.4 nm and 'Tesa = (9 4) X 10-21 cm 2 in the a-polarization at 588.9 nm. These wavelengths are at the peaks of the excitation spectra for their respective polarizations.
DISCUSSION
It may be possible to use the
Ij transitions for laser action. It may even be possible to make a twostep-excitation-pumped laser. This type of laser offers an alternative method to harmonic or sum-frequency generation for obtaining shorter wavelengths of light. The potential advantage is that the effective nonlinearity of two-step excitation is orders of magnitude larger than that for harmonic generation' because real, resonant transitions are involved as opposed to virtual, nonresonant transitions.
ETU, which also has high effective nonlinearities, was previously used to provide nearly all the pump power for a BaYi. 2 Yb 075 Er 0 05 F 8 visible laser at 670 nm under lamp pumping at 77 K 2 . However, the threshold of this laser was 170 J. With resonant pumping, it is easier to take advantage of these high nonlinearities because of the high pump densities achievable. Of course, the main disadvantage is that this process depends on resonances, so it is less general. The laser threshold for a two-step-excitation pumped laser in Nd:YLF can be calculated once the stimulated emission cross section is known.
The stimulated emission cross section can be derived from the fluorescence spectra. The effective stimulated emission !Lsec, and the assumption that the transitions are electric dipole, the peak effective stimulated emission cross section in each polarization for transitions to each of the 4Ij manifolds is shown in Table 2 .
It is difficult to assess the error in this calculation, but this cross section is generally difficult to measure accurately. The largest error term is probably Tr, which was derived from the measured fluorescence lifetime and the multiphonon relaxation rate in YLF. This multiphonon relaxation rate could be in error by up to a factor of 2, which would lead to a The effective cross section is related to the actual cross section and absorption coefficients by (e = /Ntot = af, (12) where Nt 0 t is the total population of the ground-state manifold, ae is the effective cross section, a. is the actual cross section, and f is the fractional occupation of the crystal field splitting involved in the transition given by a Boltzmann distribution. In Eq. (12) noted, this emission is back to the ground manifold, so reabsorption of the emission causes the measured intensity to be too low. The maximum estimated error is 25%, based on an nm. This has not been normalized for the spectral response of the detection system. absorption coefficient of 2.5 cm-' and a distance of propagation through the material of 0.1 cm. Without taking reabsorption into account, the absorption and emission cross sections differ by a factor of 1.8. The calculation of the absorption cross section also has a source of error that is the concentration of Nd; however, it appears that the estimate of radiative quantum efficiency and therefore the stimulated emission cross section may be low based on our comparison. Now a threshold for a two-step excitation pumped laser can be estimated. Assuming a Gaussian pump and negligible diffraction in the laser medium, the pump power, Pth, required to reach threshold for the typical one-photon absorption pumping assuming that one absorbed photon yields one excited ion in the upper laser level is given by2l Pth = hp [72 (WP2 + wo2)], (13) where w 0 is the laser cavity radius and is the round-trip cavity loss. This can be converted to a pump rate by dividing by the pump photon energy. In the case of two-step excitation pumping, the term wp 2 is replaced by wp 2 /2 because the pump rate for two-step excitation goes as the intensity squared, so the radial pump distribution goes as exp(-4r 2 /wP 2 ) as opposed to exp(-2r 2 /wP 2 ), as in one-photon pumping. So the expression for threshold pump rate, Wth, becomes
Using Eq. (10), which gives the pump rate assuming no saturation, assuming that the pump at 587. 
